We study the normal modes of torsional waves in an elastic beam consisting of a set of N cuboids of varying heights. We present experimental, theoretical, and numerical results. We show that some analogies to the Wannier-Stark ladders resonances, originally introduced by Wannier in 1962, are exhibited by this classical system. The original ladders studied by Wannier consist of a series of equidistant energy levels for the electrons in a crystal in the presence of a static external electric field with the nearestneighbor level spacing proportional to the intensity of the external field. For the case of torsional waves in the beam we have observed a similar behavior, namely, the vibrations of the beam show resonances of equidistant frequencies with the nearest-neighbor spacing proportional to parameter γ associated with the geometry of the beam analogously to the electric field. However, this analogy is not perfect; we address the origin of the differences.
Introduction
Since the discovery of the wavelike behavior of particles whose size is on the order of atomic dimensions or smaller, several analogies between quantum systems, that is, systems whose dynamics is governed by quantum mechanics, and classical systems have been observed. This is particularly true when the undulatory properties of the particles are important and interference phenomena play the relevant role. Thus, one frequently finds analogies in optics, electromagnetism, acoustics, elasticity and the like. It is in the case of optics where more analogies have been studied; see [Monsivais et al. 1990; Sheng 1995; Joannopoulos et al. 1995; Soukoulis 1996; de Sterke et al. 1998; Sapienza et al. 2003; Agarwal et al. 2004] and references therein. In some cases the analogies are not exact, and new and interesting characteristic effects appear for each field. In other cases the classical systems that potentially can present analogies, do not exist in a natural way, but can be built from an appropriate combination of other systems.
In this paper we study the analogy of the quantum mechanical phenomenon known as Wannier-Stark Ladder Resonances (WSLR) in a special type of classical elastic system. The study includes experimental, theoretical and numerical results. The existence of WSLR and their associated Bloch Oscillations (BO) in quantum mechanics have been controversial for many years, but by now some of their properties seem to be theoretically on firm ground. The BO were predicted by Bloch [1928] ; see also [Zener 1934; James 1949; Wannier 1955] . They consist of a counterintuitive behavior of electrons in a crystal, which is under the action of a static external electric field. According to Bloch, this static field produces an oscillatory movement of the electrons inside the crystal. This strange prediction was a controversial matter for more than 60 years [Hart and Emin 1988] . The controversy waxed due to Wannier's 1962 discovery [Wannier Keywords: Wannier-Stark ladders, elastic waves, EMAT. This work has been supported by UNAM DGAPA-PAPIIT Projects IN111307 and IN104102. 1962; Zak 1968; . This discovery establishes that the electronic energy spectrum consists of a series of energies E 1 , E 2 , . . . such that the nearest-neighbor level spacing is constant and proportional to the intensity of the external field. This set of energies forms the so called Wannier-Stark ladder. These amazing characteristics contrast with what occurs in a nonelectrified crystal, where the electrons travel through the whole periodic structure (Bloch waves) and where the constructive and destructive interferences give rise to an energy band spectrum, which consists of bands of allowed energy and regions where no values of the energy are permissible, forbidden bands or gaps [Brillouin 1946] . Thus, according to Bloch and Wannier, when the electric field modifies the periodic potential, the band structure is destroyed and states are localized.
These predictions were very important since the band structure is the basis of electronic devices. However, when Bloch and Wannier made their predictions it was impossible to test them experimentally. On the one hand, the BO are difficult to observe because the electrons lose their coherence in times shorter than the expected period of the oscillations. On the other hand, the Wannier-Stark ladders are difficult to observe because the width of the levels is larger than the separation between levels. Obviously both effects are related since a short lifetime of a state implies a wider associated energy level. The first confirmation of the Bloch-Wannier model came from the observations of the WSLR that appeared first in numerical experiments [Rabinovitch 1977; Banavar and Coon 1978] , and thereafter from the laboratory [Méndez et al. 1988] . This was around 20 years after the prediction of Wannier. Later on, in 1992, the BO were also observed [Feldmann et al. 1992; Dekorsy et al. 1994; Lyssenko et al. 1998 ]. This occurred when the semiconductor superlattices were built [Esaki and Tsu 1970] , since in these systems the period of BO is shorter. Actually, there exists considerable literature on the WSLR and the BO, and now it is recognized that the original ideas of Bloch and Wannier are essentially correct. The BO are due to the fact that when an electron in the crystal is accelerated by the electric field, its velocity is increased until it reaches the end of the Brillouin zone, where it is dispersed and its velocity decreases. This effect continues until the velocity is equal to zero and changes sign returning to the original position inside the crystal. Then, the electron is again accelerated by the field and the cycle is repeated. Under these circumstances the wave functions are localized in the zones where the oscillatory movement occurs. We should mention, however, that there always exists a probability that the electron tunnels to other regions of the crystal (Zener tunneling) . Whenever this probability is small, the BO can be present.
The origin of the WSLR can be understood as follows. Consider the time independent Schrödinger's equation for an electron of charge e in a one-dimensional crystal in the presence of a static external electric field F,
where we are using a system of units in which the electron mass and Plank's constant are set to 1. The function V (x) is the potential acting on the electron, E is the energy of the electron and e|ψ| 2 is the charge density. In our case V (x) has the form V (x) = V p (x) + eF x, where V p (x) is the periodic potential due to the atoms of the crystal, that is V p (x) = V p (x + np), p being the period and n an arbitrary integer. When F = 0, the potential is periodic and the system will show a band structure [Brillouin 1946] . However, when F = 0, the periodicity is broken and the potential acquires the crucial property V (x + np) = V (x) + neF p. Making the change of variable x = x + np and using the above
where ϕ(x ) = ψ(x + np). Comparing Equations (1) and (2), we see that if E is an eigenvalue, then E − neF p is also an eigenvalue. The difference between two consecutive eigenvalues is eF p and the Wannier-Stark ladder is formed. We should mention, however, that the simple mathematical derivation just described above is rather subtle [Zak 1968; Wannier 1969; Rabinovitch and Zak 1971] and a rigorous description is very difficult. For this reason, as mentioned before, the existence of the WannierStark ladder in quantum mechanics was a controversial matter for many years. Actually, one finds that the energies forming a ladder are indeed a set of resonances embedded in a continuous energy spectrum. This is why the Wannier-Stark ladders are called WSLR. Several systems whose behavior is governed by classical physics and which present analogous phenomena to the band structure, BO, and WSLR, have been studied up to now. For example, an electromagnetic wave traveling through a structure with a dielectric function that varies periodically will exhibit a band structure, which in turn gives rise to photonic crystals. Applications of photonic crystals in light flow control have been described by Joannopoulos et al. [1995] . In an elastic structure with a specific impedance that varies periodically, the transmission spectra of elastic waves will also show a band structure [Esquivel-Sirvent and Cocoletzi 1994] . For theoretical studies of the BO and WSLR analogies see [Monsivais et al. 1990; Mateos and Monsivais 1994; de Sterke et al. 1998; Monsivais et al. 2003 ] and references therein. However, there are relatively few experimental studies [Sapienza et al. 2003; Agarwal et al. 2004] , and it is just in this context that this paper is placed. We show experimentally that it is possible to find a WSLR-like structure in the spectrum of frequencies associated with torsional waves of special beams. We also use a numerical model whose predictions are in excellent agreement with our measurements. We have used our numerical model to show that the separation between the frequencies depends linearly on the parameter that plays the role of the static external electric field. However, we will see that the analogies are not exact.
The physical system
The system analyzed in this paper is a special elastic beam described below. It is well known that in any elastic system there exist several types of waves. However, for the case of beams, and in the range of frequencies and wave lengths used in this work, it can be assumed that only three types of vibrations exist: compressional, torsional and flexural; see Figure 1 . For the present study we have considered only torsional vibrations. The elastic system is depicted in Figure 2 . It was constructed by machining a solid aluminum piece whose original shape was a beam with rectangular cross section. The result of the machining is a set on N cuboids or subbeams of constant width w and constant length l. They have different heights h (i) , with w, h (i) l for i = 1, 2, . . . , N . These cuboids are separated by other small cuboids of dimensions w , l , h l, where w = h . We have observed that the behavior of machined systems is different from the behavior of similar systems constructed by welding their different parts. This property can be used to carry out nondestructive tests on the systems.
We now discuss the rule used to assign the values of the heights h (i) . The procedure is different from the formulation used by Wannier just discussed above because the torsional waves are described by an equation different from the one describing the electrons in an electrified crystal. To design the beam we are guided by a qualitative analysis of what could be called an independent beam model in which each body oscillates independently form the rest.
It is well known that torsional waves are described by the equation [Graff 1975 ]
where v is the velocity of the waves and θ = θ(x, t) the angle of rotation of the cross section at point x and time t. The x-axis lies on the axis of the beam. We now apply this equation to the torsional normal modes of the i-th cuboid, for i = 1, 2, . . . , N , with free ends. If we denote by n n the number of nodes of this mode and by ω (i) n n its angular frequency, the above equation becomes
n n is the wave number of the mode given by k
n n is the wave length and v (i) the velocity of the waves in the i-th cuboid. It is clear that the length l of a cuboid with free ends is related to λ (i) n n via l = λ (i) n n n n /2, which implies that the angular frequency ω (i) n n is given by
To obtain a set of equidistant frequencies (for a given value of n n ) we look for a set of velocities {v (i) } such that v (i) = (1 + iγ )v, where v is an arbitrary constant velocity. The parameter γ is dimensionless.
We then obtain ω
for the frequencies and their differences (for a given value of n n ) ω (i)
. Since the latter are independent of i, we have dropped the index i and defined n n . In this model of independent beams, we therefore obtain sets of equidistant frequencies for each value of n n . The required set of velocities {v (i) } can be obtained by taking appropriate values for the heights h (i) as described below. We should mention that this procedure is not possible for cylindrical bars, since the torsional wave velocity in cylindrical bars is independent of the radius.
There is, however, another possibility to have equidistant frequencies. It consists in taking different lengths l (i) for the different subbeams in Equation (3), with l (i) = l/(1 + iγ ), but this possibility will not be considered here. The corresponding analysis has been published recently [Gutiérrez et al. 2006] .
To obtain the velocities {v (i) } we have used the expression derived by Navier [1827] for the torsional velocity in the i-th cuboid
where
is the moment of inertia with respect to the axis of the system, ρ is the density, G is the shear modulus, and α (i) is given by
We can solve these equations to obtain the values of h (i) such that v (i) take the required value (1 +iγ )v. We now return to discuss the properties of the whole beam constructed by machining a solid piece as shown in Figure 2 . We have used the above procedure to calculate the N heights {h (i) } of the cuboids or subbeams forming the beam. When the parameter γ is equal to zero, a locally periodic beam is formed. This kind of locally periodic beams shows a discrete band spectrum [Morales et al. 2002] . If we break the periodicity by setting γ = 0, a completely different spectrum occurs. The discrete band structure disappears and the new spectrum resembles the WSLR. We see from Equation (4) that γ here plays the role of the electric field F for the quantum mechanical ladders.
Before presenting the calculations of the normal modes for this system and showing numerical and experimental results, let us make a qualitative analysis to see what type of spectrum could be expected from the independent beam model. At the lowest frequencies, the wavelength λ is of the same order of magnitude as L ≈ l N and the whole beam is excited. When ω increases and λ becomes of the order of l, the length of the subbeams, the state equivalent to its lowest normal mode is excited. This occurs at the first subbeam since it has the smallest velocity v (1) = (1 + γ )v; furthermore, this corresponds to the subbeam with the smallest h (i) ; see Figure 3 . The rest of the subbeams are out of resonance, so the amplitude decreases as one moves away from subbeam 1. Therefore, the state is localized around the latter. In some sense this was to be expected since we are disturbing a periodic structure to obtain a disordered one-dimensional system, which always shows localized wave amplitudes. Increasing the exciting frequency by 1 , the subbeam with velocity v (2) = (1 + 2γ )v, that is, subbeam 2, will now be excited and the rest will be out of resonance. The amplitude of the vibrations therefore decreases as the distance from subbeam 2 increases. The wave amplitude is again localized but now around subbeam 2; it has a similar shape as the wave amplitude that subbeam 1 had previously. The same arguments apply when subbeam i of velocity v (i) = (1 + iγ )v is excited. What we have done is to produce a finite Wannier-Stark ladder, that is, N localized states with constant difference in frequency given by Equation (4). However, more ladders exist since normal modes with two or more nodes can also be excited in each subbeam. For instance, taking n n = 2 in Equation (4), a second ladder is obtained. This ladder is different from the first one because the frequency difference is now twice the one of the lower ladder, as can be seen from Equation (4). The states are again localized and all have similar shape. A third ladder exists with 3 = 3 1 and so on for the other values of n n . The difference between the quantum-mechanical WSLR [Thommen et al. 2004] and the ladders discussed here is that in the latter the spacing between resonances is not the same for different ladders.
To measure normal modes frequencies and amplitudes we have used an Electromagnetic Acoustic Transducer (EMAT) which has been recently developed [Morales et al. 2001; 2002] . This EMAT is versatile and operates at low frequencies. It can selectively excite or detect compressional, flexural or torsional vibrations. We have also calculated these quantities using the transfer matrix method for torsional waves with the following boundary conditions between the different sections of the beam Figure 2 yielding the elastic Wannier-Stark effect: (a) n n = 1, (b) n n = 2, (c) n n = 3. In each figure, left column shows frequencies from the independent beam model, middle column -from the transfer matrix model, right column -measured in the laboratory.
where β (i) is the square of the cross-section area of the i-th beam. Free end boundary conditions were used as discussed by Morales et al. [2002] . Our calculation shows explicitly that the frequency difference One can clearly see from Figure 4 that the states form a set of WSLR. The first band composed by extended modes is not displayed in this graph. Notice that the frequencies in the extremes of each ladder do not have the same frequency difference as those in the middle of the ladder. This is due to a border effect in the wave amplitudes localized near the free ends [Gutiérrez et al. 2006] .
In Figure 5 we show as an example the comparison between theoretical and experimental wave amplitudes for two states of the second WSLR. These are localized around particular subbeams. For example, in Figure 5 (left) the tenth subbeam resonates while in Figure 5 (right) the third subbeam resonates. Both wave amplitudes have the same form and, as expected, the amplitudes show two nodes at the resonating subbeams. Note that we again have excellent agreement between experiment and theory, where we have used the one-dimensional transfer method in spite of the fact that w and h (i) are not much smaller than l as required by the method. We have also calculated the wave amplitudes for states of the first ladder. Localization is again observed, and the amplitudes show one node at the resonating subbeams.
In Figure 6 we show the theoretical and experimental values of the logarithm of the wave amplitude corresponding to the states of Figure 5 . The plots show that the envelopes of the amplitudes of the normal modes are exponentially localized.
Conclusions
In this paper we have constructed an elastic analogue of the WSLR in the torsional frequency spectra of some special beams. Starting with the independent beam model, we find the appropriate geometry of the bars in order to have the WSLR. The geometry is related to the cross section of the subbeams forming the whole beam, as indicated by the Navier formula, which we tested experimentally for the first time. In contrast. In contrast with the optical analogue of [Sapienza et al. 2003; Agarwal et al. 2004] , we have observed the WSLR directly. Furthermore, we have measured the wave amplitudes, including phases, which show exponential localization. We also observed higher WSLR. Our numerical studies are in close agreement with experimental results. The elastic WSLR have potential applications in the design of systems with localized vibrations.
